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Abstract 
This paper describes a laser droplet brazing method for electrical contacting of sensitive piezoceramic actuator 
modules. In order to increase the reproducibility of the contacting process, the mass, the energy and the flight path of 
the braze droplets have to be controlled. For this reason, braze preforms are used which are molten by a single laser 
pulse. The system technology and first results will be presented, as well as a mechanical and metallurgical analysis of 
the brazed connections.  
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1. Introduction 
Active elements like piezoelectric modules can be used to counteract the noise and vibration of 
structural parts. For this purpose, ceramic composite adaptronic modules are used which are embedded, 
e.g. via die casting, in order to create a durable, force-locked connection to the structural part. To 
withstand the high process temperatures during casting, the modules need to be contacted by a connection 
which is stable up to 600 °C. Another requirement on the joints is a flat contact spot. In order to avoid 
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damage of the module by the high melt pressure during casting, the joint height needs to be below 
200 μm. This makes a miniaturized joint necessary. Weld connections are not feasible due to the low 
thickness of the contact pads. Conventional brazing methods would lead to cracks of the piezo ceramic 
base material due to high thermal gradients. A micro-brazing method, offering a lower melting 
temperature and therefore less stress for the bulk material, seems to be suitable for this purpose and will 
be presented in this paper.  
1.1. Laser based wire brazing 
Several approaches exist for contacting sensitive modules by laser brazing. Recently, a wire feed 
system has been used [1-4], where a braze wire is locally molten by a laser and the resulting droplet is 
placed on the substrate in order to form the electrical connection. Durable braze connections can be 
formed with this method but the reproducibility of creating single droplets is low, because the melt 
droplet which is formed at the end of the wire oscillates in all directions, which causes scattering of the 
droplet position on the surface. Moreover, the size of the droplet cannot be arbitrarily controlled and has a 
lower limit of about 1 mm, which does not satisfy the demands on joint height. The large mass of the 
braze droplets also leads to high thermal stresses in the ceramic part which frequently cause cracks in the 
modules. 
1.2. Laser brazing with spherical performs 
In order to avoid damage to the ceramic composite modules and raise the reproducibility of the brazing 
connections, the mass of the braze droplet has to be controlled as well as its flight path. This is done by a 
different approach to the joining technology. A setup which was developed for laser droplet soldering 
[5, 6] is used in order to investigate the applicability of this approach to laser droplet brazing.  
Here, the braze ball is loaded into a nozzle which has a slightly lower inner diameter than the braze 
ball diameter. The ball thus blocks the nozzle, allowing a gas pressure to build up above the ball. When 
the ball is molten by a laser pulse, it is pressed out of the nozzle by the applied gas pressure and is 
positioned on the desired contact spot, where it solidifies. In this contacting process, the droplet mass is 
predetermined by the use of spherical preforms. The flight path is controlled by the nozzle and nitrogen 
backpressure, which directs the braze droplet onto the desired contact spot. The energy input into the 
braze ball is controlled via the laser parameters.  
 
 
Fig. 1.  Schematic of the laser brazing approach 
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The process can be divided into four process steps:  
1. Melting of the preform inside the nozzle 
2. Detachment of the molten droplet from the nozzle 
3. Flight phase of the droplet 
4. Placement of the droplet on the substrate, wetting and solidification. 
Fig. 2 shows the process steps of laser droplet brazing and their most important influences. In the first 
process step, the preform is heated and molten by a laser pulse. The main parameters in this step are the 
laser power and the pulse duration. In order to melt the copper-based braze material, considerably more 
power is needed compared to solder materials. Due to the curvature of the spherical braze preform, the 
focal spot diameter of the laser is limited, since the absorption of laser radiation is strongly dependent on 
the angle of incidence. This implicates that relatively high energy densities have to be used during the 
process. Regarding the strong dependence of the absorptivity of copper on temperature this can lead to 
local vaporization of the material and consecutive spattering of the braze melt if the parameters are not 
chosen carefully [7]. Moreover, since the absorption of copper-based braze materials for the widely used 
near-infrared lasers is very low, reflections onto the nozzle are common which can lead to a higher 
thermal exposure of the nozzle.  
The second process step – detachment of the droplet from the nozzle – is mainly determined by the 
wetting between the melt and the nozzle. The wetting needs to be overcome by a nitrogen overpressure in 
the nozzle. It is essential that the ball is completely detached from the nozzle and no residue is left in it. If 
melt residues are left in the nozzle, the next ball can not completely block the nozzle exit in the next 
process and the build-up of the nitrogen pressure in the nozzle will be incomplete. 
 
 
Fig. 2.  The process steps of laser droplet brazing and their most important influences 
The flight phase of the droplet is also strongly dependent on the nitrogen overpressure inside the 
nozzle. It determines the droplet velocity, the droplet shape after detachment from the nozzle, and the 
flight path. In case of melt residues on the inside of the nozzle the leak between nozzle and braze ball will 
lead to a lateral acceleration of the braze droplet. Melt residues on the nozzle opening can lead to one-
sided wetting and also introduce a lateral movement of the ball which lowers the positioning accuracy. 
During the flight phase, the droplet is cooled mainly by convection of the surrounding gas, which 
determines the maximum nozzle-to-substrate distance. 
In the final phase of the process, the droplet wets the substrate and solidifies. The shape of the 
solidified droplet is dependent on the wetting between droplet and substrate and on the nitrogen pressure, 
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which can flatten the droplet. The energy input into the substrate depends mainly on the temperature of 
the droplet; too high thermal gradients can lead to cracking of the substrate.  
 The applicability of this approach for brazing has, however, not yet been investigated. The challenges 
in transferring this process to brazing occur due to the higher temperature and the different material 
properties of the braze material. The melt temperature for brazing is about 400 K higher then the 
temperature which is needed for soldering. This results in a high thermal load on the nozzle which is in 
direct contact with the melt. Also, a higher laser power is needed for brazing compared to soldering. Due 
to the low optical absorption of copper, reflexions of the laser beam are expected, which further increase 
the thermal exposure of the nozzle. The viscosity and surface tension of the braze materials are higher 
than that of the solder materials (see Table 1), which leads to different wetting and detaching 
mechanisms.  
Table 1. Properties of bronze and tin 
Property Bronze (CuSn11) Tin 
Melting point (°C) 950 232 
Viscosity (Pa*s) 4.4*10-3 [8, Value 
for copper] 
1.7*10-3 [8] 
Surface tension (N/m)  1.0 [9] 0.5 [10] 
 
To establish a nozzle based laser brazing process with spherical preforms, the process steps mentioned 
above need to be investigated and optimized. We conducted numerous experiments to study the first sub-
processes of melting and detaching the braze balls. Furthermore, first successful demonstrations of the 
complete brazing process have been achieved. 
2. Experimental setup and procedure 
Our experimental setup is shown in fig. 3. A spherical bronze (Cu89Sn11) preform with a diameter of 
600 μm is singularized and fed into a WC/Co nozzle. The braze preform blocks the nozzle and the ball 
feed is closed to allow the nitrogen pressure to build up. Pressures of up to 150 mbar were used. 
 
 
Fig. 3.  Bond head of the laser droplet brazing setup 
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For melting the braze ball we use an IPG Ytterbium-YAG Fiber Laser YLR-200-SM with a 
wavelength of 1070 nm and a maximum power of 200 W. The focal length of the focusing lens is 
150 mm, creating a focal spot with approximately 33 μm in diameter and a Rayleigh length of 700 μm. 
The substrate is a low temperature cofired ceramic (LTCC) with screen-printed silver contact pads of 
20 μm thickness. The distance from the nozzle outlet and the substrate is 800 μm. The process is 
observed with a high speed camera at up to 13,000 images per second. The mechanical stability of the 
joints is tested by an XYZtec Condor 150 shear tester. 
3.  Results and discussion 
3.1. Melting and detachment of the braze preforms 
The pulse energy investigated for the melting and placement of the bronze preform on the substrate 
was in the range of 6.0 to 8.0 J, the minimum energy necessary for a successful joining being 7.0 J. The 
according pulse durations were between 50 ms and 100 ms. The calculated energy needed to heat a 
600 μm bronze sphere to its melting temperature and to facilitate the phase transition is 0.5 J; the rest of 
the laser energy is assumed to have dissipated mainly by reflection of the laser beam and heat transfer 
from the braze melt to the nozzle.  
Fig. 4 depicts the resulting process window for different combinations of pulse energy and pulse 
length. The results can be divided into three classes. Class one represents successful melting and 
detaching of the braze material with a subsequent connection of the braze droplet to the substrate (shown 
in fig. 4 as green diamonds). The second class of results describes parameter sets which did not heat the 
complete braze ball to the melting point thus resulting in a blocked nozzle with the braze material 
partially wetting the nozzle surface. This class is shown as violet squares in fig. 4.  
 
Fig. 4.  Process window for melting and detaching of the braze ball from the nozzle. If the pulse energy is not sufficient to melt the 
braze ball, the nozzle is blocked (red triangles). A too high laser power leads to spattering and braze residues are deposited 
in the nozzle (violet squares). Complete detachment of the braze ball from the nozzle and its placement on the substrate is 
represented by green diamonds 
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The opposite case compared to not enough energy is represented by class three: The power density on 
the braze preform is too high which leads to a very dynamic process. Vaporization at the surface of the 
braze ball causes spatters in the nozzle and the ball does not detach completely. As mentioned before, 
partial detachment or braze residues in the nozzle will affect the next contacting process adversely by 
impeding the sealing of the nozzle exit by the next braze ball and thus hindering the pressure buildup. 
Moreover, gas will leak out of the nozzle and cool the droplet to be molten. When the droplet is molten 
and should be detached, the asymmetric gas flow will influence the droplet's flight path by pushing it to 
the side. 
The minimum energy which is necessary to melt the braze ball and detach it from the nozzle is 
dependent on the pulse duration of the laser. For short pulse durations of 60 ms or shorter, it is about 7 J. 
The minimum energy can be approximated by assuming a power loss which is due to thermal conduction 
from the braze ball into the nozzle. The approximated value of this power loss is 21 W. The resulting 
trend for the minimum energy is shown as the violet curve in fig. 4.  
The process was also observed with a high speed camera. Fig. 5 shows still frames from the process at 
a laser power of 140 W and a pulse duration of 50 ms, i.e. a parameter set of class one with complete 
braze detachment. The nitrogen overpressure here is pN2 = 100 mbar. It can be seen that the melt is not 
ejected as a coherent droplet but in a stream. Instead of a complete detachment of the braze ball at once, 
the stream constricts after 1.4 ms and is split into two parts. The lower part is detached from the nozzle 
while the upper part is sucked back into the nozzle before the extant braze material is also detached from 
the nozzle 10 ms later. The whole process at these parameters is not very predictable and although no 
residues are left in the nozzle it does not qualify as successful micro brazing. 
 
Fig. 5.  Still frames of the flight phase of the droplet during a process with the parameters P = 140 W, tp = 50 ms, pN2 = 100 mbar. 
The bridging of the melt between nozzle and substrate persisted for 1.4 ms 
 
Fig. 6.  Still frames from the high-speed camera recording showing the detachment and wetting of the braze droplet on the 
metalized ceramic substrate. The process parameters used were P = 80 W, tp = 90 ms, pN2 = 100 mbar 
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Fig. 6. Shows still frames for another braze experiment with increased pulse duration of 90 ms and a 
power of 80 W. The braze ball is molten and leaves the nozzle as a sphere. No residue is visible on the 
rim of the nozzle and there is also no residual melt found in the nozzle after the process. The flight path is 
straight and the braze material deposited on the center of the contact pad. As soon as the ball touches the 
pad, it spreads out and solidifies in about 3 ms, creating the desired flat brazing. 
3.2. Quality of braze joints 
A complete brazing result where a copper wire with a diameter of 200 μm is joined onto an LTCC is 
shown in fig. 7. Although the wire was not centered perfectly, the copper wire is completely embedded 
into the bronze droplet, which is connected to the contact pad by a neck formed by a mixture of Cu, Sn 
and Ag.  
Microprobe measurements show a content of less than 20% Sn in the connection zone (see fig. 8), 
which means that the formation of the rather brittle Cu3Sn or Cu6Sn5 intermetallic phases is neglectable 
according to the CuSn phase diagram. The regions enriched in Sn consist of eutectic phase of about 60 % 
of Cu, 20 - 25 % of Ag and 15 - 20 % of Sn. The ductility of Ag3Sn intermetallic phase, the presence of 
which cannot be ruled out, is high [11] and therefore this phase is unlikely to deteriorate the connection.  
 
 
Fig. 7.  SEM image of a brazing connection produced with the 
laser brazing equipment 
Fig. 8.  Sn content of the brazing connection. There is a 
significant amount of Sn interdiffusion between the 
droplet and the metallization of the substrate 
In addition to microprobe measurements, the mechanical stability of the braze connections was 
evaluated. The average breaking force of the connections during shear testing was 41.5 N, with a 
maximum value of 58 N and a minimum breaking force of 22 N. The failure occurs mainly in the metal 
coating of the ceramic substrate, which indicates that the strengths of the braze joints themselves are very 
good. 
3.3. Long term performance of the brazing nozzle 
Although it is possible to reproducibly produce joint connections, the process is not completely 
understood. Especially the long time stability of the nozzle is not sufficient as the nozzles were cracking 
after about 80 brazing experiments. We suspect that the high thermal load by the fast heating and cooling 
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rates is responsible for that. To gain a better understanding of the process, a finite element model has been 
set up with which the heat transfer from the molten braze ball to the nozzle and the detachment of the 
braze ball can be evaluated.  
From these calculations it can be seen that the contact area between the molten droplet and the nozzle 
is very large and therefore heat diffusion is very strong. Fig. 9b and 9c show the nozzle temperature in the 
two spots indicated in fig. 9a. It can be seen that the temperature follows the temperature of the braze 
material and peaks at 1320 °C after only 63 ms. This causes a considerable thermal stress. The thermal 
shock resistance of the WC/Co material used in this study is 600 K [12], which is exceeded in this 
calculation.   
 
 
Fig. 9.  Calculation of the nozzle temperature by a finite element model. In fig. 9a, the nozzle geometry and the wetting of the 
braze ball to the nozzle are shown. The two points where the temperature is recorded are indicated. Fig. 9b shows the 
temperature evolution over time at the two spots indicated in fig. 9a 
However, at this point it is not clarified yet if the nozzle can withstand the thermal shocks of a stable 
brazing process. The evaluated nozzles all have been used to determine optimal laser parameters and were 
therefore exposed to numerous experiments with a higher energy input. We will investigate the long term 
stability of the nozzles in case of perfect parameters in the future. 
4. Conclusion 
We have shown the production of braze contacts via laser melting and deposition of spherical bronze 
preforms. A process window of the laser parameters has been established for the first sub-process of 
melting and detachment of the braze preform. With the right parameters the process is reliable and braze 
joints could be obtained reproducibly. The joints have no evidence of brittle intermetallic phases and 
shear tests have shown a good mechanical stability.  
In future experiments we will investigate the effect of thermal stress on the nozzle and evaluate if any 
counter measures have to be taken. Furthermore the durability of the joints will be assessed with 
temperature cycle and vibrational tests. The influence of other braze alloys will also be investigated. 
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